Bauxite-processing residue must be disposed of in specifically designed facilities for longterm management. Consideration of alkalinity, salinity, sodium content, and poor nutritional status is essential for successful rehabilitation of residue disposal areas (RDA). The aim of this study was to examine the availability and distribution of the micronutrients, B, Cu, Fe, Mn, and Zn, in (i) fresh bauxite-processing residue sand (particle size >150 μm) with and without gypsum amendment, and (ii) aged residue sand from a 4-year-old rehabilitated RDA that had received past gypsum and fertiliser addition. Samples of fresh residue sand from India and Australia exhibited high alkalinity, high salinity, and sodicity. Gypsum addition significantly lowered pH, soluble Na, and alkalinity. Aged residue sand had low levels of all micronutrients, with low extractability for Zn and Mn followed by B, Cu, and Fe. exchangeable Na, and alkalinity of residue. Nutrient management strategies that account for the characteristics of residue sand need to be developed for residue rehabilitation.
Introduction
Globally, >70 Mt of bauxite-processing residue is produced annually, and this production is projected to increase over the coming decade with rising demand for aluminium (Anon. 2007 ). In Western Australia, Alcoa World Alumina Australia (Alcoa) separates residue into 2 main fractions: sand (>150 μm) and mud (<150 μm). Residue sand is used for constructing residue disposal areas (RDAs) for long-term storage of residue mud, and the outer sand embankments are progressively rehabilitated for managing dust emissions and improving aesthetic value of operating and closed RDAs (Li 1998; Courtney and Timpson 2005) .
Residue sand represents the primary growth medium for rehabilitating Alcoa's RDAs.
However, successful establishment of vegetation in residue sand remains a challenge because of its extreme chemical, physical, and microbiological properties (Meecham and Bell 1977; Rengel 2001, 2003a; Bell et al. 2003; Snars et al. 2003; Courtney and Timpson 2005) . Macro-and micronutrient deficiencies have been reported for plants growing in residue sand, even after fertiliser addition (Bell et al. 1997; Jasper et al. 2000; . This has been attributed to the very low organic carbon and a dominance of hydrous Fe and/or Al oxides, and the alkalinity of the residue, which strongly influences nutrient reactions with the residue components (Ge et al. 2000; Soumaré et al. 2003) .
Obtaining a better understanding of the mechanisms controlling the distribution of nutrients in response to residue properties will help to develop sustainable fertiliser strategies in achieving successful revegetation.
To date, much of the research on bauxite-processing residues has focused on the role of residue mud in pollution control and micronutrient availability, with little published information on the properties of residue sand. In Western Australia, residue sand represents the primary growth medium for rehabilitating Alcoa's RDAs. Consequently, more information on nutrient availability in this material is required. The objectives of this study were to: (1) quantify micronutrient forms using well-established fractionation schemes, (2) use this information to identify potential micronutrient limitations to plant growth, (3) use plant and soil analysis to verify that micronutrient limitations are manifested as nutrient disorders in the field, and (4) identify the most important residue characteristics controlling micronutrient availability in residue sand.
Materials and Methods

Residue sand sources
Residue sand was collected from aluminium refineries in Australia (Alcoa World Alumina Australia's Pinjarra Refinery) and India (MALCO Ltd, Mettur). Three samples were collected from Alcoa: (1) untreated sand direct from the Bayer Process (FRS), (2) sand from a 1-year-old rehabilitated site (AGARS1), and (3) sand from a 4-year-old rehabilitated site (AGARS2). Representative portions of the 2 FRS materials were also mixed with gypsum at a rate of 1% (w/w basis) (GARS). Comparing the results for fresh (i.e. no gypsum, FRS) and gypsum-amended (GARS) residue sand should identify the role of cations (Ca v. Na) and alkalinity on nutrient availability.
Due to the very low (<0.5 mg/kg) micronutrient concentrations in the residue sands, samples were spiked at rates equivalent to those levels added in the field (per ha mixture of 15 kg Zn, 15 kg Mn, and 10 kg Cu as the sulfate forms of fertilisers and 1.5 kg B as borax incorporated to a depth of 0.25 m). Spiking was undertaken by placing 1 kg of air-dry (<2 mm) residue sand into a polythene bag, applying the micronutrients in solution form, and mixing thoroughly. The bags were moistened to field capacity using triple-deionised water (TDI) and incubated aerobically at room temperature for a week. The moisture content was monitored daily by weighing and TDI was added as required. After 7 days, the samples were air-dried and analysed for micronutrients and basic physical and chemical properties as outlined below.
Soil analysis
Particle-size analysis of the residue sand sources was determined using the pipette method (Gee and Bauder 1987) . Water-soluble carbonate, bicarbonate, and total alkalinity of residue sand sources were estimated in 1 : 5 residue sand/deionised water extracts by titrating against standard acid (0.005 m HCl) and alkali (0.50 m NaOH) to a pH equivalence point of 8.30 and 4.50, respectively, using mixed indicators (Rayment and Higginson 1992) . All micronutrientspiked and non-spiked residue sand samples were extracted with 0.005 m DTPA-TEAcalcium chloride extractant (pH adjusted to 7.3, Lindsay and Norvell 1978) and analysed for Zn, Fe, Mn, Cu, and Ni (data not shown). Hot 0.01 m CaCl 2 extractable B was determined in 1 : 2 residue to extractant suspension after refluxing for 30 min (Bingham 1982) . Total micronutrients were extracted by aqua regia digestion (1 : 3 HNO 3 to HCl) (Melaku et al. 2005 ). All filtrates were analysed for micronutrient concentrations using ICP-AES.
Sequential fractionation of micronutrients
Sequential chemical fractionation of micronutrients in residue sands was carried out as described in Benitez and Dubois (1999) for micronutrient metals. Residue sand (1 g) was weighed into a 50-mL polypropylene centrifuge tube and each fraction was determined operationally ( Table 1 ). The supernatant from each step was evaporated to near dryness and diluted with 10 mL of 1 m nitric acid. For B fractionation, the sequential extraction procedure outlined by Datta et al. (2002) was used ( Table 2 ).
All the samples were extracted in triplicate and analysed for their micronutrient concentrations using ICP-AES. Simple correlation analysis was performed to examine the relationship between micronutrient fractions, their availability, and residue properties.
Plant and soil sampling from revegetated areas
The relationship between micronutrient availability in residue sand and plant nutrient status 
Results and discussion
Characterisation of residue sand sources
Samples from both Australia and India were predominantly sand (>950 g/kg), although the Indian residue sand had higher silt and clay content (>20 g/kg) than the Australian source (>8.0 g/kg). The water content at field capacity varied between 110 and 161 g/kg. The Indian sample retained more water than the Australian samples due to its higher proportion of fine material. The fresh residue sand samples from both Australia and India were extremely alkaline, saline, and sodic (Table 3) .
Adding gypsum lowered the initial pH and EC irrespective of the residue source. In the Indian sample, gypsum addition reduced pH from 10.3 to 9.79 and in the Australian sample from 10.3 to 9.80. This reduction may be attributed to precipitation of hydroxides and carbonates by Ca 2+ ions (Barrow 1982; Bell et al. 1997; Courtney and Timpson 2005) .
Samples from 1-and 4-year-old rehabilitation exhibited a lower pH (7.98 and 8.18), which reflects the effects of past gypsum incorporation and rainfall leaching on removal of watersoluble alkalinity. Gypsum addition produced a 4-fold reduction in EC relative to fresh samples, presumably via the formation of insoluble calcium carbonates and hydroxides. The characterisation studies (Meecham and Bell 1977; Bell et al. 1997; Timpson 2004, 2005) .
Organic carbon content was very low in both the Australian and Indian samples (<4.0 g/kg), but the AGARS1 samples had higher values than fresh sand. This may be attributed to additions of poultry manure (from past management programs), wood mulch used for dust suppression, and recycled plant litter.
Samples of fresh residue sand from India and Australia exhibited very high total watersoluble alkalinity (61.8 and 56.6 g CaCO 3 /kg). These concentrations are 6-fold higher than the optimal range reported for plant growth (<10 g CaCO 3 /kg, Bell 1981) . Carbonate represented >85% of total water-soluble alkalinity of the FRS, while bicarbonate was the dominant source of alkalinity in GRS. Gypsum dissolution and subsequent precipitation of CO 3 as CaCO 3 is considered the most likely cause for the decline in water-soluble carbonate (Barrow 1982; Courtney et al. 2003) . Aged residue sand exhibited water-soluble alkalinity levels 10-15 times lower than fresh samples, with bicarbonate being the dominant inorganic carbon ion. Water-soluble carbonate alkalinity was nil in aged residue sand sources, which indicated the presence of sufficient Ca ions supplied by gypsum to precipitate CO 3 , in addition to removal by drainage water (Courtney and Timpson 2004; Xenidis and Harokopou 2005) .
Plant-available micronutrients
With the exception of Fe, micronutrient concentrations were well below levels regarded as inducing plant deficiencies (Munshower 1994; Gherardi and Rengel 2001) . This finding supports the practice of micronutrient addition for rehabilitation of bauxite-processing residue areas. However, no significant increase in concentration of extractable micronutrients was observed, with additions equivalent to current field application rates of B, Cu, Mn, and Zn (Table 4) . Gypsum amendment reduced B and Cu extractability by more than 40 and 14%, respectively, while it increased the extractability of Mn, Fe, and Zn in the Australian residue sand sample. The increased extractability of Fe, Mn, and Zn following gypsum addition may be associated with the removal of these cations from weakly held forms associated with the carbonate-bound fraction.
Negligible organic matter, coupled with abundant carbonate and hydrous Fe and Al oxides and hydroxides, suggests that inorganic reactions may be largely responsible for poor availability of micronutrients (Fuller and Richardson 1986; Gherardi and Rengel 2003c) .
Extractable levels of all micronutrients were lower in 4-than 1-year-old sand and the decrease in extractability was 20% for Fe, 50% for Cu, 92% for Zn, 89% for Mn, and 58%
for B. This suggests that declining nutritional status over time may be an issue with respect to optimal plant growth.
Manganese deficiency has been cited as an important limiting factor for vegetative plant growth on residue sand by many workers (Gherardi and Rengel 2001 , 2003a , 2003b Courtney and Timpson 2004) ; however, the current study indicates that in addition to Mn, deficiencies of Zn and B may also need to be addressed in the rehabilitation of RDAs. The Indian sample had higher extractable Mn, Cu, and B, while the Australian sample was richer in Zn and Fe, suggesting that bauxite ore mineralogy has a significant bearing on the levels of micronutrients in residues. Correlation analysis of extractable micronutrients with residue properties showed that with the exception of Fe, all micronutrients were negatively correlated with increasing pH. Poor correlation was observed between total Mn and Fe and DTPA-extractable forms of these elements. Despite this, total concentration was found to be a reliable indicator for Zn, Cu and B extractability. Alkalinity of the residue sand was negatively correlated with Zn and Cu but was not related to levels of other micronutrients. More than 45% of variation in Zn and Cu extractability was explained by total alkalinity and exchangeable Na. Despite the low levels of organic matter in the residue, there was a positive and significant correlation of organic carbon with Zn, Mn, and B availability.
Total micronutrients
Iron was the most abundant micronutrient element followed by Mn > Cu > Zn > B. With the exception of B, the Indian samples contained much higher total micronutrient concentrations (Fe, Mn, Zn, Cu) than the Australian samples. Gypsum addition increased total Zn while it reduced Cu content. The increase in Zn may be directly related to gypsum addition since the gypsum used in this study contained Zn (see Table 3 ). Except for B, all micronutrients were higher in 1-than 4-year-old residue sand, which may be due to the recent fertiliser input and less-complete plant uptake.
Sequential fractions of micronutrients
Zinc
Zinc fractionation followed the order: residual > Fe and Mn oxide bound > organic matter bound = carbonate bound > exchangeable fraction. The contribution of the residual fraction to total Zn was >75% in the Indian source sand and <40% in Australian source (Table 5 ).
The predominance of Zn in the residual fraction has been reported by other workers for soils (Yasrebi et al. 1994; Ma and Uren 1995) . Ma and Uren (1995) found that although Zn was primarily concentrated in the residual fraction, it was also present at significant concentrations in the Fe-Mn oxide bound fractions. Higher concentrations of Zn in Fe and
Mn oxide fraction were associated with aged residue sand followed by fresh and gypsum- 
Manganese
The extractability of Mn followed the order: residual fraction > Fe oxide bound > Mn oxide bound > carbonate bound > organic matter bound > exchangeable (Table 7) . On average, 40-66% of total Mn was associated with the residual fraction and 12-45% in Fe-Mn oxide bound fractions. Strong retention of Mn by the oxide fraction has previously been found for both soil and bauxite residue sand, and has also been related to the low affinity of Mn for organic compounds (Goldberg and Smith 1984; Tong et al. 1995; Gherardi and Rengel 2001) . Samples from India exhibited higher Mn concentrations in the residual and Fe-Mn oxide bound fractions than the Australian sample. Oxide-bound fractions showed significant positive correlations among themselves (r ≥ 93%) and also were highly correlated with exchangeable Na (r = 0.873**, 0.896**) and total Mn status (r = 0.962**, 0.975**).
Exchangeable and organically bound Mn contributed <0.5% of the total Mn, while carbonatebound fraction accounted for 2-7% of total Mn. A relatively high proportion of Mn was associated with carbonate-bound forms, which might be due to higher CaCO 3 content of residue sand sources, or through precipitation as MnCO 3 . Strong association of Mn with the carbonate fraction was reported for soils by Tong et al. (1995) and for bauxite residue by Gherardi and Rengel (2001) . There was a strong relationship between carbonate bound
Mn and DTPA Mn (r = 0.883**, Table 6 ) and exchangeable Mn (r = 0.895**), suggesting that carbonate bound Mn might be an important source of plant-available Mn.
Adding gypsum significantly increased the concentration of exchangeable and residual Mn, while it markedly lowered organic matter and oxide-bound fractions. Displacement of Mn by Ca from exchange sites and further precipitation as MnCO 3 under alkaline pH could be the possible reasons for enhanced extraction of the carbonate-bound fraction and not the other 2 plant-available fractions (McBride 1994; Rengel 2001,2003a; Zinati et al. 2001) . One-year-old residue sand samples had higher extractability of all fractions except the Mn oxide bound fraction, which may be due to enhanced rhizosphere activities and Mn reduction in the presence of root exudates (Uren 1981; Gherardi and Rengel 2001) . Further ageing reduced extractability of all Mn fractions but increased residual Mn, which indicated the possible conversion of all plant-available fractions into non-available forms with time.
Except for carbonate-bound Mn, distribution into various fractions was not significantly influenced by residue properties such as pH, total alkalinity, and exchangeable Ca. However, exchangeable Na exhibited a positive relationship with all non-available pools of Mn (r = 0.85**).
Boron
More than 40% of total B occurred in the residual pool, followed by readily soluble (16-20%) > organically bound (13-17%) > oxide bound (6-15%) > specifically adsorbed (3.6-6.5%) and hot water soluble fractions (2-8%, Table 8 ). Relative to the micronutrient metals, readily soluble and organic matter bound fractions comprised a high proportion of total B, while residual B was relatively low. All residue sand sources had levels of hot water soluble boron (<0.50 mg/kg) too low for normal growth of most plants (Bell 1999 ) and values ranged from <0.04 to 0.21 mg/kg.
The high proportions of readily soluble B observed with all residue sources could be due to weak sorption on negatively charged surfaces of Fe and Al oxides under alkaline pH (Goldberg 1997; Datta et al. 2002) Oxide-bound fractions of B were higher in fresh residue sand than gypsum-amended and aged samples, which can be explained with the positive effect of Fe 2 O 3 in adsorbing B as B(OH 3 ) and B(OH 4 ) (Su and Suarez 1995; Xu et al. 2001; Datta et al. 2002) . Positive correlations were found between oxide-bound and all other B fractions. None of the residue sand properties was significantly correlated with the oxide-bound B fraction. Considerable proportions of organically bound B were extracted from all residue sand sources despite the low soil organic carbon status. The highest levels of organically bound B were associated with 1-year-old residue sand, which may be due to poor decomposition and mineralisation of the added organic amendments (Hou et al. 1994) . Ageing reduced extractability of the 
Plant nutrient status
In Acacia cyclops, reduced leaf size, curling, crinkling, and malformation of leaves Based on previous studies (Bell et al. 1997; Rengel 2003a, 2003b; , Mn deficiencies were expected in plants grown on bauxite residue sand. However, results from this study revealed little evidence of Mn deficiency, apart from Acacia cyclops.
Both cereal rye and triticale, which showed Mn deficiency in earlier studies (Bell et al. 1997; , are expected to be Mn-efficient, relative to most cereal crops.
Hence, the lack of Mn deficiency in Hardenbergia comptoniana and Grevillea crithmifolia(data not shown) suggests a high level of Mn efficiency exists in the native species. Grevillea crithmifolia (data not shown) in particular contained very high leaf Mn (and Fe) concentrations. Many proteaceous species produce proteoid roots that mobilise nutrients such as Mn and P in the root-zone by organic acid secretion (Shane and Lambers 2005) . Grevillea crithmifolia appears to be able to acquire Mn and Fe efficiently, suggesting the production of proteoid roots when grown in residue sand. Acacia cyclops appeared most susceptible to low Mn, with possible Mn deficiency in plants showing symptoms in phyllodes. Many eucalyptus species are sensitive to Mn deficiency on alkaline soils, and leaf concentrations <15-20 mg/kg dry weight are considered to be marginal for growth (Dell et al. 2001) . Based on this critical range, Eucalyptus gomphocephalathroughout residue rehabilitation areas may be expected to exhibit deficient levels of Mn (data not presented).
Earlier studies by Bell et al. (1997) found that cereal rye contained deficient levels of Zn in leaves despite the addition of 15 kg ZnSO 4 /ha at planting. Bell et al. (1997) However, the symptoms in these plants could not be attributed to low Cu alone.
Next to Mn, B and Zn limitations were the major micronutrients affecting plant growth in the revegetation sites. Furthermore, the mechanisms responsible for maintaining adequate available Fe and Cu for plants under alkaline pH conditions warrant further investigation. Use of geochemical speciation models such as PHREEQ may provide valuable insight to key mechanisms affecting plant available forms of micronutrients.
Conclusion
Samples of fresh residue sand from both Australia and India exhibited characteristics (highly saline, highly alkaline, and sodic) that may be expected to cause severe limitations to the availability of plant micronutrients. Gypsum addition markedly improved residue sand characteristics by reducing alkalinity (hence pH), and replacing Na with Ca as the dominant solution and exchangeable cation. Fresh residue sand had higher total alkalinity (>85-90%), which was primarily due to the dominance of water-soluble carbonate. In contrast, ageing reduced the pH along with a shift from carbonate to bicarbonate alkalinity. Ageing reduced extractability of all micronutrients, especially of Zn and Mn followed by B. Plant-available micronutrients were very low in all residue sand samples despite high total concentrations, which was also confirmed through the low leaf Zn, Mn, Cu, and B concentrations of plant species grown in the revegetated sites especially with A. cyclops.
More than 80-90% of Mn, Zn, and Cu existed in residual and Fe and Mn oxide bound pools.
Ageing reduced all Zn and Cu fractions while it increased non-available Fe, Mn, and B forms. Residue properties such as pH, organic carbon, exchangeable Na, and alkalinity were correlated with Zn availability but only few significant correlations were observed with Fe, Mn, and B. Although Fe and Mn oxide bound fractions are not expected to be immediately available to plants, altering the residue properties like pH, alkalinity, and exchangeable Na and redox conditions can modify these fractions resulting in enhanced micronutrient availability and their redistribution. Management strategies based on chemical reactions observed in this study that control plant nutrient availability should be considered central to developing sustainable rehabilitation programs on residue sand.
